It was reported that high-potassium (K) solution produced a contracture (K-induced contracture) in the guinea pig taenia coli, and the tension development in the muscle depolarized with high-K was dependent on calcium (1, 2), and that "Ca uptake and ex changeable fraction of cellular Ca increased with high-K (2).
changeable fraction of cellular Ca increased with high-K (2).
Furthermore, it was demonstrated that K-induced contracture was composed of phasic and tonic phases and was proposed that in the phasic contraction, sufficient calcium was released from a cellular site to initiate contraction, whereas in the tonic contraction, enough calcium crossed the membrane to initiate it and that the transmembrane calcium transport involved in the latter response was dependent on metabolism (3) . On the basis of these results, the role of metabolism in the K-induced contracture of taenia coli was examined by the use of various metabolic intermediates, inhibitors of metabolism and active transport, revealing that the factors such as substrate removal, a decrease of tem perature, DNP, ouabain and a substitution of external sodium chloride with lithium chloride abolished the tonic response whereas the same factors had little or no effect on the phasic response.
Hence it was considered that the phasic response was a passive process, while the tonic contraction was an active one depending on metabolism and possibly linked to active Na transport (4). This consideration was also supported by the electrophysiological experiments (5) .
In the present paper, further evidence was obtained concerning to the influences of the physiological components in the external media, that is, magnesium chloride (MgCl2), sodium bicarbonate (NaHCO3) and sodium phosphate (NaH2PO4) on the K-induced tension development of taenia coli.
METHODS
Strips of taenia coli (30-40 mg) were isolated from male guinea pigs weighing about 500 g. The excision of the muscle was endeavoured to avoid the Auerbach's plexus which includes the excitatory cholinergic nerve and intramural inhibitory nerve (6) .
They were suspended in an organ bath containing 20 ml of Tyrode solution of the following composition (mm): NaCI, 136.8; KCI, 2.7; CaC12, 2.5; MgC12, 1.0; NaH2PO,, 0.4; NaHCO3j 11.9; and glucose, 5.5. The medium was continuously aerated with 95% 02 and 5% CO, gas mixture at 37'C and pH 7.2 (measured with Beckman pH meter).
One end of the strip was attached to the aeration tube and the other to the arm of a strain gauge transducer (Nihon Kohden) and 0.6 g tension was applied after 10 minutes equilibration.
Tension changes were recorded with Nihon Kohden multi-purpose poly graph equipped with inkwriting oscillograph. After a 30 minute equilibration period, a tonic contraction was induced by exchang ing the external medium with high-K Tyrode solution showing a final concentration of 42.7 mm KCl in all experiments. The strips were challenged with high-K medium for 2 periods of 10 minutes with 15 minute intervals and then 30 minutes application was performed as a control. The medium was exchanged with the test solution 15 minutes after washing out high-K medium at the end of the first 30 minutes application. Twenty minutes later, addition of high-K for 10 minutes was done followed by a 15 minute interval and another 30 minutes application as a test. Only in the experiment with magnesium, the test solution was exchanged 5 minutes before the application of high-K.
Finally, recovery of the K-induced contracture from the treatment was tested in a normal medium on the same time schedule and the third 30 minutes contracture was obtained.
The tensions of the first 30 minutes contractures averaged 11-12 g. In a few cases, which are excluded from the data, the tensions of the contractures were below 10 g.
Areas of 30 minutes contracture surrounded by the tension change curve and the base line was traced on the paper having equal thickness and was cut off. As the tensions obtained by various weights loaded to the transducer and the heights of recorded curves kept a linear relationship, the weight of the paper cut off shows linear relationship to the contracture area in any given period. The effect of high-K on the tension change of taenia coli was estimated on the width of the contracture area by weighing the paper cut off.
In the preliminary test, the reproducibility of K-induced contracture of taenia coli based on the time schedule described above was examined using normal Tyrode solution only. When the first 30 minutes contracture area ("C1") served as control, the second ("C2") and the third 30 minutes contrature area ("C3") were 92.7--t2.1% and 84.4--!-3.4%, respectively. In the following experiments, the area of the first 30 minutes contracture ("T1"), which was developed with high-K in the normal medium, served as control and the area of the second 30 minutes contracture ("T2"), which was obtained in the test medium, was compared with "T1" and expressed as a percentage of it. This percentage value of "T2" was then compared with "C2" value of 92.7±2.1% and if there was a sig nificant difference between them, it was attributed to the effect of the test medium. a. The contracture produced by appli cation of 2.5 mm CaCl, to the muscle im mersed in Ca-depleted, high-K (42.7 mm) medium.
b. Additions of 1-12 mm of MgCI2 to the muscle immersed in Ca-depleted, high K medium.
Experiments were begun after strips lost their ability to respond to high-K in Ca depleted medium.
RESULTS

Magnesium chloride
Failure of magnesium to substitute calcium in K-induced contracture : The experiment was carried out in order to investigate whether magnesium could substitute for calcium in the K-induced contracture of taenia coli. When Firs. 3. The influence of magnesium on K-induced contracture of guinea pig taenia coli. a. Changes in the shapes of contracture curves by various external magnesium concentra tions.
b. Semilogarithmic plot of the relative area of contracture curve versus the external mag nesium concentration.
Area of contracture curve during 30 minutes was estimated.
[Mg],, shows a concentration of MgCl2 in the external medium. KT is abbreviation of exchange with high-K (42.7 mm) medium and WJ, is one of exchange with normal medium.
Each point is the mean of 4-8 experiments and the mean + the S.D. is shown by vertical lines. discriminative effect between phasic and tonic phases on K-induced contracture. That is, excess MgCl2 seems to inhibit both phasic and tonic phases although some inhibitors are reported to inhibit the tonic phase only (4) . When the external MgC12 concentration is raised, an increase in of the osmotic pres sure follows. Influence of hyper-osmolarity on the tension development with high-K in muscle was examined by the application of a high concentration of sucrose (40 and 100 mm) to the external medium. The addition of 40 mm sucrose showed the value of 96.9±6.7 % in the K-induced contracture area and 100 mM sucrose, 95.9±14.6%, which were not significantly different from the control value of 92.7±2.1%, therefore the hyper-osmolarity induced by high concentration of sucrose within 100 mm seemed to have little or no effect on the K-induced contracture.
The inhibitory effects of two forms of magnesium salts, namely MgC12 and Mg2SO, on the K-induced contracture were compared at the concentrations of 5, 8, 12 and 20 mm when scarcely any difference was seen.
The influence of cadmium chloride (CdCl,), zinc chloride (ZuCl2) and manganese chloride (MnC12) on K-induced contracture of taenia coli was compared with that of magnesium chloride (MgCl2), All these salts inhibited K-induced contracture and had not particular effect on the shape of the contracture curve as produced with MgC12. The concentrations of these salts necessary to abolish K-induced contracture were 0.05 mm for CdC12j P0 mm for ZnC12 and 5.0 mm for MnC12 while it was 20.0 mM for MgC12 as shown before. That is, CdC12 is about 400 times as potent as MgCl2 in the inhibition of K-induced contracture and ZnCl2 and MnC12 were about 20 and 4 times, respec tively.
Influence of external calcium on magnesium inhibition : When the external CaCl2 was 2.5 mm, 12 mm of MgC12 inhibited the K-induced contracture by 52.0%, and when the ex ternal CaC12 was lowered to 1 mm, the contracture was inhibited by 98.5% in the same concentration of MgC12. The same relationship was obtained at 5 and 8 mm of MgC12. That is, the inhibitory effect of excess magnesium was increased when CaCl, in the external medium was lowered from the normal level of 2.5 mm to 1.0 mm. As the log concentration-effect curves of MgCl2 on the K-induced contracture in both CaC12 concentrations exhibited almost linearity, the regression lines of both concentrations of CaC12 were calculated by the conventional formula. These results were summarized in Fig.  4 , in which the two regression lines showing relationship between the concentration of external MgCl2 in logarithmic scale and the inhibition percentage of the K-induced con tracture by MgC12 in the medium containing 1.0 mm and 2.5 mm CaCl, respectively, are parallel to each other and have a significant difference (P<0.05), suggesting that there is a competitive antagonism between the action of Mg' -41, and CaCl2 in the medium on the K-induced contracture in taenia coli.
Furthermore, the ratio of concentration of MgCl2 to CaCl, in the 50% inhibition of the K-induced contracture calculated from Fig. 4 is presented in Magnesium inhibitions on three types of "contractions" developed with high-K : The influences of excess MgC12 on phasic and tonic phases of K-induced contrac ture were examined using three types of contractions (Fig. 1) , i.e. "Ca-contrac ture", "K-contracture"
and "phasic contraction" (refer to METHODS).
Concentration ratio of MgC12 to CaC12 was 5: 1 throughout the experiment. "Ca -contracture" was produced by the simultaneous addition of MgC12 and CaCl2. When MgC12 and CaC12 were applied at the same time, the initiation of the tension development was delayed and/or the initial part of it was depressed as shown in Fig. 1 The results are summarized in Table 2 . The inhibitory percentage value were nearly 50% in both cases, in which MgC12 and CaC12 were added before or after the application of high-K. In addition, this relationship was examined on the "phasic contraction" developed by high-K in the medium containing 2.5 mm of CaC12 at 17°C. Twelve mm MgC12 was added 5 minutes before the application of high-K. As seen in Table 2 , the relationship between the concentration ratio of MgCl2 to CaC12 of 5 : 1 and 50% inhibi tion of the contraction was also established in the "phasic contraction". That is, three types of contraction, namely "K-contracture", "Ca-contracture" which had no phasic phase, and "phasic contraction" were inhibited by about 50% when the concentration ratio of MgCl2 to CaC12 was 5: 1. In the experiment of the low temperature, the influence of MgCl2 was dependent on the period of application of MgCl2. Twelve mm of MgCl2 added 5 minutes before the application of high-K inhibited the contraction by 51.8-10.1%, 43.1±8.1% when added 2 minutes before and 18.6±6.9% when added simultaneously with high-K. As this pheno menon was not present at 37°C, it might be related to the decreased diffusion constant of MgC12 or some other factors at low temperature, but it could not be explained from the present data. The application period of MgC12 of 5 minutes, which was the same period as the experiment at 37 C, was therefore adopted. Besides, 1 x 10-' g/ml atropine, which abolished the contracture produced by 5 x 10-7 g/ml acetylcholine, did not effect the K-induced contracture or "phasic contraction" at the low temperature.
Sodium bicarbonate
As Tyrode solution is buffered with carbon dioxide-sodium bicarbonate buffer, changes in the concentration of sodium bicarbonate are followed by pH changes of the solution.
Normal Tyrode solution contained 11.9 mm of NaHCD3 and its pH was 7. 95% 02f 5% CO, gas mixture is aerated throughout the experiment. * : In the case of pH 8 .7, 100% 02 was used.
The K-induced contracture was produced by the exchange of high-K (42.7 mm) with normal one. pH was measured by pH-meter.
Each point is the mean of 4-5 experiments and the mean -L the S.D. is shown by vertical lines.
Decreasing the concentration of sodium bicarbonate, or lowering the external pH, exhibited a reduction in the K-induced contracture area (Fig. 5) . At pH 4.8, it showed only a very small contracture. The recovery of K-induced contracture in the muscle treated with the solution removed of sodium bicarbonate (pH 4.8) was very poor when the medium was exchanged with the normal one. In the medium with 24.0 mm of sodium bicarbonate (pH 7.8), the percentage of K-induced contracture area was about the same or a little higher than the control value. At pH 8.7 the contracture area still remained near the normal value. The shapes of K-induced contracture were not altered particularly by the changes in the external sodium bicarbonate concentration or external pH as shown in Fig. 5-a. As the changes in the concentration of sodium bicarbonate accompany the changes in the total sodium concentration of the medium, the influence of sodium was examined: 11.9 mm of sodium chloride was subtracted from the medium, corresponding to the total sodium concentration of the medium removed all of sodium bicarbonate, which showed the contracture area of 82.3--±8.1% and the addition of 12.1 mm of sodium chloride to the final concentration corresponding to the total sodium content of the medium con taining 24.0 mm of sodium bicarbonate showed the contracture area of 112.9-±-12.9%. It is clear from the foregoing data that a higher total sodium content significantly increased the K-induced contracture area and a low concentration of it significantly decreased it. However, judging from the concentration-effect curve, the results described above were brought about mainly from the changes in the concentrations of sodium bicarbonate or pH in the external medium.
Sodium phosphate
The influence of the removal of NaH2PO, from the external medium or addition of it in high concentration (1.4 mm) on K-induced contracture was investigated. It was found that the relative areas of the contractures in both cases were 96.0-±-7.2% and 101.7±7.0 % respectively, which were not significantly different from the control value of 92.7--t 2.1%. The external pH changes accompanied by the variation of external sodium phos phate were less than 0.1 unit. DISCUSSION Durbin and Jenkinson (1) reported that magnesium did not substitute for calcium in K-induced contracture of guinea pig taenia coli. The experimental conditions employ ed by them were considerably different from the ones in this paper: a) their experiment was carried out at room temperature (19-23°C), and b) to produce the contracture, the medium substituted by all but 5 mM sodium with potassium was used. On the other hand Pfaffman et al. (4) reported that the tonic phase of K-induced contracture was partially or fully inhibited at low temperatures or in the external medium where all sodium chloride was substituted by lithium chloride.
The experiment carried out according to the condition described in the report of Durbin and Jenkinson (1) resulted in a very low level of tonic phase of K-induced con tracture, nevertheless maintenancing some measure of tonic phase as shown in Fig. 6 -a. The contracture in Fig. 6 -c was produced under the same condition except that the temperature was raised to 37°C. The tonic phase of the K-induced contracture was not restored. Then, high-K medium containing only 5 mM of sodium used by them was exchanged with the medium normally used in the present experiment containing 136.8 mm NaCl and 42.7 mm KCI. In the experiment using this medium at the room temperature (20-22°C) the tonic phase was not elicited, as shown in Fig . 6-b . Under the condition normally used in the present experiment, namely , sodium content in the medium increased and temperature raised, the tonic phase for the first time fully appeared at the average tension level of 11-12 g, as shown in Fig. 6-d . From these data, it is thought that the experimental conditions by Durbin and Jenkinson were not adequate for the examination of the nature of tonic contracture. The latter condition is therefore employed to get full tonic contracture with high-K in the muscle. Then, magnesium does not substitute for calcium in this fully developed tonic contracture induced by high-K, as shown in Fig. 2 . also abolished by the low-Na medium substituted only with K in the present data, it is not known whether the effect of deficiency of external sodium on taenia coli was similar to that of lithium-substitution.
Recently, Daniel (7) has suggested the necessity of magnesium and ATP in the con traction of smooth muscle. Although in the present study K-induced contracture is not significantly affected by removing the external magnesium, it is likely that some intra cellular magnesium would not be removed even if immersed in an external medium without magnesium.
Engbaek (8) reviewed that excess magnesium had an inhibitory action on the con tractures of smooth muscles of nictitating membrane and intestine and that antagonism between magnesium and calcium existed in the smooth muscle preparations used. Further more, Edman and Schild (9) reported that in calcium-contracture of rat uterus depola rized by immersion in isotonic K2SO,-Ringer solution, the effect of calcium was competi tively antagonized by magnesium. K-induced contracture in taenia coli is also inhibited by excess magnesium (more than 8 mm) and the inhibitory action of excess magnesium seems to be competitively antagonized by calcium. In addition, it is clearly demonstrated that the ratio of magnesium to calcium for the 50% inhibition of three types of the contractions, that is, "K-contracture", "Ca-contracture" and "phasic contraction", is about 5: 1. The contractures mentioned above showed a similar reaction to the magnesium inhibition by the various kinds of applications of magnesium to the muscles kept pre viously in the medium with or without calcium. "K -contracture" has a tonic phase preceded by a phasic one , and "Ca-contracture"
shows that only one phase corresponds to the tonic phase of "K-contracture", that is, it seems to lack in a phasic one. "Phasic contraction" is produced by high-K in room temperature (ITC) which accompanies a loss of tonic response. The fact that excess mag nesium inhibits both phasic and tonic phases of K-induced contracture to the same degree suggests the possibility of the existence of the process(es) common to both phases.
However, phasic and tonic phases of the K-induced contracture were suggested to differ in their modes of initiation. Phasic contraction was said to be initiated by the passive process of release of calcium from a cellular site whereas tonic contracture by the active transmembrane calcium transport linked to metabolism (3) (4) (5) . If the process(es) common to both phases should exist, it (they) may be before and/or after than the aformentioned processes.
As for the excitable membrane of taenia coli , Bulbring and Kuriyama (10) reported that removal of external magnesium and addition of it up to 7.2 mm had little effect on the electrical activities of the membrane. On the other hand, the results in this experi ment shows that when the external magnesium is removed , the resting tension of teania coli becomes higher and/or the activities of spontaneous contractures are increased , which thought to be the result of the removal of magnesium having inhibitory action on the role of calcium on these activities in the muscle except on the excitable membrane , and when 5 mm of magnesium is added to the external medium , the muscle relaxes and the spon taneous contracture disappears, which is thought to be a result of the inhibition of mag nesium on the role of calcium. Although the electrical activity of the membrane was not examined and in the case of K-contracture inhibition, a higher concentration of magnesium than that in the report of Bulbring and Kuriyama (10) was used , the afor mentioned discrepancy in the influences of magnesium on mechanical and electrical acti vities of the muscle seems to suggest that magnesium might not act on the electrically excitable membrane so much, but act mainly on the process(es) after membrane excita tion.
Sperelakis (11) , using the field contracture technique on the strips of smooth muscle isolated from circular layer of cat intestine, observed that 20 mm magnesium abolished the contraction of the muscle very rapidly although action potentials could still be elicit ed, but the field contraction in depolarized smooth muscle which was thought to bypass the physiological coupling process initiated by the action potential , were unaffected by magnesium. He explained that high magnesium uncoupled excitation or depolarization from contraction and the field contraction bypassed the block . If the suggestion by Spelerakis, i.e. magnesium blocks the excitation-contraction coupling , might be applicable to taenia coli, the finding that inhibitions of both phasic and tonic phases of K-induced contracture in the concentration ratio of magnesium to calcium of 5: 1 exhibited in the same degree might support the hypothesis that the coupling process of both phasic and tonic contractions after the different processes of initiations of both contractions should be the same or common process, or at least the role of calcium in this process might be similar to both phases, and magnesium would antagonize the role of calcium at this process.
On the other hand, the possibility that magnesium might act on sites other than E-C coupling cannot be denied.
That is , magnesium might act on the excitable mem brane, or on the different processes of initiation of phasic and tonic contractions to the same degree or even on the contractile protein, or on two or more of these sites .
Vaughan Williams (12) studied the cardiac muscle contraction and provided evidence that high concentration of sodium bicarbonate in excess of 20-30 mM depressed the con tractions independent of the external pH, and when the concentration of sodium bicar bonate was below that level, the force of contraction was greater in alkaline solution than in acid one. However, it is not made clear in the present data whether the low con centration of external sodium bicarbonate or the low external pH is the main factor on the inhibition of K-induced contracture in taenia coli .
As shown in the result, there is no discrimination between the inhibition of phasic and tonic phases of K-induced contractures by changing the external pH or the con centration of sodium bicarbonate in the medium . Swan (13) reported that in the frog muscle, lowering of the external pH brought about the loss of the superficially bound calcium. It was also reported that an acid extracellular pH decreased the glucose uptake in the rat heart (14) . These findings cited above might explain some possible mechanism of the inhibition by low external pH or low concentration of sodium bicarbonate in the medium on the K-contracture, the phasic phase of which was said to be initiated by the released of tissue calcium (3) (4) (5) and the tonic phase diminished when external glucose was removed from the external medium (3), but no experimental evidence has been ob tained in the case of taenia coli. Total calcium content of taenia coli kept in the phosphate-free Krebs-Ringer (2.8 mm Ca/kg fresh wt.) (15) was lower than the value of the one kept in the medium contain ing high concentration (1.4 mM) of sodium phosphate (4.2 mM Ca/kg fresh wt.) (16).
Schatzmann (16) observed that omitting the phosphate from the medium for 140 minutes markedly reduced the "unexchangeable" fraction which slowly exchanged with the external calcium, and discussed that this observation seemed to reconcile the two contradictory findings.
It is expected that a high concentration of external phosphate shows a high content of calcium in the muscle or a different distribution of tissue calcium. But the removal of NaH2PO4 from the medium and the addition of it in high concentration (1.4 mm) have not significantly different effects of K-induced contracture. Furthermore,
